Since April 1969, frame-mounted three-cusp fascia lata and pericardial valves have been used in over 200 patients for heart valve replacement. Six autologous fascia lata valves have been removed from the mitral position because of regurgitation produced by shrinkage of one or two cusps. To elucidate the cause and mechanism of graft failure the opening characteristics of fascia lata and Silastic valves were studied in a steady state flow rig.
In virtually all valves examined the cusps opened in sequence and the order in which the cusps of a particular valve opened was maintained irrespective of its position in the testing apparatus. Under the conditions prevailing in this experiment the sequential opening of the cusps seems to be inherent in the design of the valve. Inequalities in the size and shape of the cusps or in the physical properties of the material accentuated this phenomenon.
Fully open valves were geometrically similar and the relationship between pressure gradient, flow rate, and valve diameter has the form: pd4=4,600 Q2. This formula will apply to all such valves tested in water, irrespective of material or size, provided that they are fully open.
The experiment has shown that the pressure gradient across the valve increases rapidly as the diameter of the valve is reduced and that with reduction in valve diameter a decreased flow rate is required for complete valve opening.
It is postulated that in patients with postoperative low cardiac output, large grafts in the mitral position may not open fully and consequently the cusp or cusps with little or no mobility may undergo structural changes leading to fibrosis with thickening or atrophy.
Results obtained with heart valve replacement continue to improve due to better surgical techniques and improvements in both types of valve substitutes-prosthetic devices and tissue valves.
Although none of these valves is ideal, they provide useful palliation and give good promise for further improvement.
Since April 1969 we have used 'man-made', frame-mounted, three-cusp tissue valves for heart valve replacement in over 200 patients (Tonescu and Ross, 1969; Ionescu, Deac, Whitaker, and Wooler, 1972a) .
Autologous and homologous fascia lata and heterologous pericardium have been used for the construction of valves.
During the follow-up period which extends to over three years it became apparent that these tissue valves have performed differently in the two main positions in the heart. In the aortic iThis work was supported in part by a grant from the British Heart Foundation position the results have been very encouraging in 90 patients; no graft failure has occurred and the clinical and haemodynamic results are good (Ionescu et al., 1972b) . In the mitral position, although the majority of 115 patients operated upon have been benefited by surgery, six grafts had to be removed because of graft failure. The appearance of the autologous fascial valves removed at re-operation from the mitral position has always been similar. One or two cusps were retracted and thickened, rendering the valve incompetent (Holden and Ionescu, 1973b) .
The possible causes of fascia lata graft failure in the mitral position are being continuously investigated in our institution. Infection and rejection phenomena are considered to be unlikely causes (Ionescu et al., 1972a; Silver and Trimble, 1972; Hudson, 1970) . Biological and biochemical factors cannot be held entirely responsible for graft failure at least in the present state of our knowledge (Trim'ble, 1972) .
Opening characteristics of three-cusp tissue heart valves Mechanical reasons for valve dysfunction and failure have formed our first working hypothesis for a scientific explanation of this phenomenon. The closure mechanism of three-cusp heart valves has been extensively investigated (Bellhouse, 1972; Holden and Ionescu, 1973a) .
The purpose of this report is to describe the initial results of a study concerned with the opening mechanism of stented three-cusp tissue heart valves and to discuss the potential relationship between albnormalities in the opening phase and the failure of grafts in the mitral position.
MATERIAL AND METHOD
The apparatus shown diagrammatically in Fig. 1 The valves tested were three-cusp structures mounted on Dacron-covered titanium frames (Fig. 2 ) and manufactured as previously described (Tonescu et al., 1970; Bartek, Holden, and Ionescu, 1973) .
Two types of material were used for the construction of the valves-fascia lata and reinforced Silastic.
Visual and photographic observations of the mechanism and sequence of opening of each cusp were made. Human fascia lata was obtained from the postmortem room up to 36 hours after death and mounted on support frames with an internal diameter of 24 mm and paraillel prongs with a height of 19 mm. The fascial grafts were maintained in normal saline solution at 270 C until the studies were carried out (usually less than 72 hours after preparation). The results of the tests are given in Tahble I.
Under the test conditions the opening sequence of the cusps could be observed. At low flow rates, less than 1 1./min, the cusps parted at the centre 
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The appearance of valves 5 and 6 can be seen in Figure 4 .
medical grade silicone rubber') of 015 mm thickness was used for the manufacture of a series of six valves. The frame used was the same as that which supported the fascia lata valves. These valves showed the same general characteristics as the fascia lata valves in the manner in which they opened but the pressure gradients and flow rates were higher. Table II lists the results obtained with Silastic valves.
The variation, from valve to valve, of the flow rate necessary to achieve complete opening was less than that noted with fascia lata but was still present. With this thin, relatively stiff material, differences in manufacture were more readily visible to the eye. It was evident that valves which looked similar in shape did show similar functional characteristics. The existence of creases or distortions in the Silastic valve cusps caused variability, although the effect of such variations was not always detrimental (Fig. 4) The Silastic leaf is thinner than fascia lata, but the modulus of elasticity will be many times that of the fascia lata. Thus, despite the thinner material, the overall stiffness of the valve is increased, and a higher flow rate and pressure gradient are required for their opening. The behaviour of these valves has, however, been examined using high-speed cine-techniques in a pulse duplicator and the results are reported separately (Holden, Wooler, Catchpole, and Ionescu, 1973; Holden and Ionescu, 1973a) . Under pulsatile conditions the same valve opening characteristics were observed, although the relationship between flow rate and pressure gradient could not be obtained in the same way.
In the present series of experiments, efforts were directed to assessing the effect of using water rather than blood as a test fluid. In terms of the fluid dynamics of the situation, the main difference between the fluids is one of viscosity, blood having a kinematic viscosity approximately five times that of water. The effect of an increase in visiThe modulus of elasticity is a property of a material which is associated with the material's rigidity or stiffness. It Is defined as the ratio between the normal stress (applied normal force divided by cross-ctional area) end the strain (fractonal change in leng) resulting from the stress. When individual pieces of material are considered, as opposed to the material itself, the stiffnes. or inverse deflction, depends on the relevant dimensions as well as the elastic modulus cosity for a fully open valve would be to increase the pressure gradient for a given flow rate, but the magnitude of the increase is dependent upon the Reynolds number. In this case the Reynolds number appertaining to a 24 mm valve and a flow of 3 litres/minute is about 5,000 when the test fluid is water. For blood this figure would be of the order of 1,000. In these circumstances the increase in pressure gradient due to the increased viscosity is unlikely to exceed a factor of two (Spiers, 1962) and could be much less. The effect on the flow rate at which the valve first opens fully is more difficult to predict theoretically, but it could be argued that the increased pressure gradient could cause the cusps to open earlier in a more viscous fluid. Attempts to verify these conclusions experimentally proved abortive as the test fluids chosen affected the properties of the tissue. For instance, a 45% solution of dextrose in water, which produced a kinematic viscosity of about 5 St. was found adversely to affect the fascial tissue. Using a 42% solution of glycerine in water it was found that the Silastic cusps did open marginally earlier 'but the pressure gradient flow rate relationship remained unaltered. It was noted, 'however, that some deterioration of the silicon rubber had been caused by the glycerine, and therefore the test was considered inconclusive. It is probable that, provided the tissue remains unaffected by the blood, the results quoted will be altered only marginally by the change in viscosity.
The point concerning changes in the physical properties of tissue valves with the passage of time is extremely important. Nearly all the fascia lata valves stored in 4% formaldehyde or 0-2% glutaraldehyde showed increased stiffness, with the result that higher flow rates were required to produce their complete opening in the testing apparatus. The effects of blood on fascia lata are not yet known.
Lam, Aram, and Munnell (1952) , Beall, Morris, Cooley, and De Bakey (1961) , and Duran, Manley, and Gunning (1965) found that the cusps of homologous aortic valves inserted into the descending aorta of dogs became thickened and retracted unless the recipient's own aortic valve was made incompetent. They concluded that a transplanted valve would work when a physiological need for this valve was created.
This study has shown that under the conditions prevailing in the experiment, the sequential opening of the cusps is inherent in the design of the valve. However, inequalities in the size and shape of the cusps or in the physical properties of the material used for valve construction accentuate the phenomenon of sequential opening.
In some patients, early after heart surgery an autologous fascia lata valve in the mitral position may not open completely due to the low flow rate available. The valve graft may accommodate the reduced cardiac output with only two or even one cusp open. Consequently, it is plausible to assume that the cusp or cusps with limited or no mobility, being made of 'living' tissue, undergo structural changes, as shown by Lam et al. (1952) , Beall et al. (1961) , and Duran et al. (1965) .
The biological fate of non-functional connective tissue structures is fibrosis with thickening or atrophy. When this occurs in a heart valve graft the function of the graft is severely impaired.
